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Assessing the potential of tropical secondary forests 
in the Central Amazon for timber production
Guilherme Silva MODOLO1,2, Daniel Andrade SANTIAGO2, Victor Alexandre Hardt Ferreira DOS 
SANTOS3, Zilza Thayane Matos GUIMARÃES1, Taynãna Freitas Leite CAMPOS1,3, Aluandra Ferreira REIS1,3, 
Debora COELHO SILVA4, Mario TOMAZELLO FILHO5, Jochen SCHÖNGART1, Alci ALBIERO 
JUNIOR2, Gabriel ASSIS PEREIRA5, Marciel José FERREIRA2*

ABSTRACT
Sustainable forest management is an important strategy for the conservation of tropical secondary forests. However, knowledge 
about their potential for timber production is scarce, especially in the Central Amazon. We performed a silvicultural diagnosis 
in Central Amazon secondary forests to understand their potential for forest management. The diagnosis was carried out in two 
secondary forest patches at advanced successional stages located 38 km north and 75 km northeast of Manaus. We quantified 
the commercial tree species, classified their stem quality and growth conditions (crown exposure and liana infestation), and 
related tree size (diameter at breast height-DBH) to growth conditions. We identified 46 commercial tree species. Goupia 
glabra, a very important timber species, exhibited the highest density of individuals (more than 95 individuals ha-1). Good and 
reasonable quality stems accounted for 87% of the commercial trees, with 45 and 42% classified as of good and reasonable 
quality, respectively. The species composition and stem quality of the examined secondary forests support timber production 
through sustainable management. Commercial trees predominantly had crowns with low light exposure (63% with a Dawkins 
index lower than 4) and were liana infested (62% with lianas on some part of the tree), requiring silvicultural treatments to 
improve growth conditions. The number of trees under suppressed growth conditions (low light and liana-infested) varied 
according to species and tree size, requiring specific recommendations for silvicultural treatments. These results demonstrate 
the potential of secondary forests for timber production and provide valuable insights for management strategies aiming at 
promoting sustainable management to prevent secondary forest deforestation.

KEYWORDS: Regenerating forests; Alternative timber sources; Vegetation structure; Dominant species; Assisted natural regeneration.

Acessando o potencial de florestas tropicais secundárias na Amazônia 
Central para a produção madeireira
RESUMO
O manejo florestal sustentável é uma estratégia importante para a conservação de florestas tropicais secundárias. No entanto, 
o conhecimento sobre o potencial dessas florestas para a produção de madeira é escasso, especialmente na Amazônia Central. 
Nós realizamos o diagnóstico silvicultural em florestas secundárias da Amazônia Central para analisar seu potencial para o 
manejo florestal. O diagnóstico foi conduzido em duas florestas secundárias em estágio avançado de regeneração, localizadas a 
38 km ao norte e 75 km ao nordeste de Manaus. Nós quantificamos as espécies arbóreas comerciais, classificamos a qualidade 
do fuste e condições de crescimento (exposição da copa e infestação por lianas) de seus indivíduos e relacionamos o tamanho 
dos indivíduos com as condições de crescimento. Nós encontramos 46 espécies arbóreas comerciais. Goupia glabra, uma 
espécie madeireira muito importante, teve a maior densidade (acima de 95 indivíduos ha-1). 87% dos indivíduos das espécies 
comerciais possuem fustes de qualidade boa (45%) ou razoável (42%). As florestas secundárias estudadas possuem composição 
de espécies e qualidade de fustes que apoiam a produção de madeira através do manejo sustentável. Predominantemente, 
os indivíduos possuem copas pouco expostas à luz (63% delas com Índice de Dawkins abaixo de 4) e estavam infestados 
por lianas (62% com lianas em alguma parte da árvore), demandando tratamentos silviculturais para melhorar as condições 
de crescimento. A quantidade de indivíduos em condições suprimidas de crescimento (pouco iluminadas e infestadas com 
lianas) variou de acordo com as espécies e o tamanho do indivíduo, embasando recomendações específicas para tratamentos 
silviculturais. Esses resultados demonstram o potencial de florestas secundárias para a produção de madeira e fornecem valiosas 
informações para a formulação de estratégias de manejo, buscando promover o manejo sustentável como forma de evitar o 
desmatamento de florestas secundárias.

PALAVRAS-CHAVE: Florestas em regeneração; Fontes alternativas de madeira; Estrutura da vegetação; Espécies dominantes; 
Regeneração natural assistida.
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INTRODUCTION
Secondary forests are representative landscapes in the Brazilian 
Amazon, accounting for more than 16 million hectares and 
occupying approximately 20% of previously deforested areas 
(INPE 2021). Conserving these secondary forests is of the 
utmost urgency for Brazil due to their ecological importance in 
providing ecosystem services that mitigate the climate impacts 
of deforestation (Aliança pela Restauração na Amazônia 
2024). The regeneration process enables the recovery of forest 
functionality and essential ecosystem services, such as carbon 
sequestration, biodiversity, hydrological and nutrient cycling, 
soil protection, and wildlife shelter (Chazdon 2014; Poorter 
et al. 2021; Heinrich et al. 2023). Additionally, conserving 
existing secondary forests and stimulating natural regeneration 
are low-cost strategies for forest restoration (REGENERA-
Amazônia 2023). In this respect, encouraging secondary 
forest conservation may result in Brazil’s achieving the forest 
restoration goal of 12 million hectares, established in the Paris 
Agreement (Aliança pela Restauração na Amazônia 2024).

Despite their importance, secondary forests have the 
highest deforestation rates in the Brazilian Amazon (Nunes 
et al. 2020; Wang et al. 2020), with a more than 8% decline 
between 2014 and 2020 (INPE 2021). One of the reasons for 
deforestation is the lack of knowledge about the potential of 
secondary forests in generating income, prompting owners to 
replace them with other land uses (Pereira and Vieira 2001). 
In the Central Amazon, socioeconomic changes over time 
have intensified swidden agriculture, resulting in secondary 
forest degradation due to shorter fallow periods (Jakovac et 
al. 2016). One way to encourage owners to conserve their 
secondary forests is by demonstrating their economic potential 
through sustainable forest management (Schwartz et al. 2015; 
Bieng et al. 2021). 

Sustainable secondary forest management requires 
silvicultural diagnosis to determine suitable silvicultural systems 
(Lamprecht 1990; Pancel 2016). This involves assessing 
the objectives and/or requirements of the population, site 
conditions, and secondary forest characteristics (Hutchinson 
1991; Pancel 2016). Estimates indicate an increasing global 
demand for timber (FAO 2009; Barua et al. 2014), Brazil 
being one of the main exporters of tropical timber from old-
growth forest management (Richardson and Peres 2016). 
However, under current forest management policies, timber 
stocks are bound to decline, thereby threatening sustainability 

(Piponiot et al. 2019; Sist et al. 2021). Sustainable secondary 
forest timber production is emerging as a means to foster 
their conservation and alleviate pressure on old-growth forests 
(Bieng et al. 2021; Sist et al. 2021).

Timber production from tropical secondary forest 
management is based on their capacity to quickly recover the 
density of commercial tree species (Finegan 1992; Doua-Bi et 
al. 2021; Zambiazi et al. 2021). However, studies showing the 
potential of Amazon secondary forests for timber production 
are scarce and concentrated in the Eastern Amazon (Alvino 
et al. 2005; Schwartz 2007), and nonexistent in the Central 
Amazon. Conducting a silvicultural diagnosis of Central 
Amazon secondary forest characteristics, including floristic 
composition, stem quality, and growth conditions of desirable 
species, is the initial step in assessing their suitability for 
timber provision and prescribing suitable silvicultural systems 
and treatments (Lamprecht 1990; Hutchinson 1991; Pancel 
2016). 

The need for silvicultural treatments may differ depending 
on the species and size of the individual. For example, in a 
late secondary forest, short- and long-lived pioneers dominate 
the canopy, while partially shade-tolerant species typically 
occupy subcanopy positions and thus have different available 
light levels (Finegan 1992; Chazdon 2014). With respect to 
tree size, as diameter increases, so does height (Feldpausch 
et al. 2011) and, consequently, the level of crown exposure 
to light (Poorter et al. 2005). The light level received by the 
crown is related to growth rates in secondary forests and 
may indicate priority individuals for silvicultural treatments 
(Mendoza-Hernández et al. 2019). Thus, analyzing how 
growth conditions are related to species and tree size helps 
establish priority species and individuals that will benefit from 
silvicultural treatments.

The central region is the second highest timber-producing 
region of the Amazonas state (Lentini et al. 2021), where 
secondary forests around 30 years old - denominated here 
as “late secondary forests” sensu Hartshorh (1980) are 
common (Silva-Junior et al. 2020). This is interesting because 
regeneration time is positively related to commercial tree 
species recovery (Doua-Bi et al. 2021), therefore these late 
secondary forests generate good expectations regarding the 
potential for timber supply. Therefore, assessing the potential 
of secondary forests for timber production in this region is an 
important strategy in devising alternative income sources for 
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owners and encouraging their conservation. We performed 
a silvicultural diagnosis of two late secondary forests in the 
central region of the Amazonas state aimed at: 1) analyzing if 
secondary forests exhibit the species composition and structure 
needed for timber production; 2) evaluating the stem quality 
and growth conditions of commercial tree species in secondary 
forests; 3) analyzing whether tree size and growth conditions 
are associated. 

MATERIAL AND METHODS
Study site
This study was conducted in two tropical secondary forest 
patches in the Central Amazon, one on the Experimental 
Farm of the Federal University of Amazonas - FAEXP/UFAM 
(02°38’S, 60°03.5’W) 38 km north of Manaus, and the other 
on Carapanã-Açu Farm (2°38’S; 50°40’W), 75 km northeast 
of Manaus in Rio Preto da Eva, both in the Amazonas state, 
Brazil. The straight-line distance between the two patches is 
approximately 42 km (Supplementary Material, Figure S1). 
The climate in the region is Af, according to the Köppen-
Geiger classification system (Alvares et al. 2013), and the 
surrounding vegetation is predominantly tropical moist forest 
(IBGE 2012). According to a historical data series of weather 
stations in Manaus (1988 - 2018), average annual rainfall 
in the region is 2366 mm, monthly average temperature 
ranges from 26.6 to 28.7°C, and  average relative humidity 
from 74 to 86% (INMET 2023). The two secondary forest 
patches are established on plateaus, consisting of well-drained 
nutrient-poor clay oxisols with high aluminum concentrations 
(Chauvel 1982).

Secondary forests characterization
The secondary forest at FAEXP/UFAM, hereinafter 
denominated USF, occupies an area of 35 ha. Between 1984 
and 1986, the old-growth forest was cut down and burned 
to implement monocultures, such as Brazil nut (Bertholletia 
excelsa Bonpl.) and peach palms (Bactris gasipaes Kunth), but 
the area was abandoned immediately after planting, making 
secondary vegetation regrowth possible (Supplementary 
Material, Figure S2). We observed some living B. excelsa trees, 
but avoided these areas and focused on secondary forests with 
a homogeneous stand age of 35 years (with reference to 2021). 
Prior to cutting and burning, the area was selectively logged, 
allowing light-demanding species to regenerate in the gaps. 
If the young individuals were not efficiently cut or survived 
the fire, there may be individuals older than the estimated 
age of the forest. The secondary forest at the Carapanã-Açu 
Farm, hereinafter denominated CSF, occupies an area of 50 
ha. In 1985, the vegetation was clear-cut and burned, and 
the soil was plowed and harrowed for rubber tree planting 
(Hevea brasiliensis Mull. Arg.), but the area was abandoned 
immediately after planting (Supplementary Material, Figure 

S2), and the seedlings died due to a lack of stand tending. 
Thus, at the time of the study (2021), the secondary forest 
was 36 years old.

Data collection
In 2021, we installed five experimental blocks with two 1-ha 
plots at UFS, totaling ten hectares of inventories. We installed 
these blocks for an experiment of secondary forest improvement 
through liberation thinning, and arranged them to ensure that 
the plots were at the same elevation (elevation range = 75 to 
113 m) (Supplementary Material, Figure S1). We carried 
out taxonomical identification and measured the diameter 
at breast height (DBH) of all individuals with DBH ≥ 10 cm 
in the plots. We listed all commercial species with potential 
for timber production, based on previously developed lists of 
commercial timber species from the Amazon (Cysneiros et 
al. 2018; IBAMA 2019; Andrade et al. 2022a; ITTO 2022; 
LPF 2022). We also included species that are not recognized 
by the timber market but whose timber are used by the local 
communities and regenerate at high density in the forest. The 
species included are Vismia cayennensis, Croton matourensis 
and Sacoglottis guianensis. Details about the potential use 
of these species are in the Supplementary Material (Table 
S1). All individuals of the commercial species were classified 
for stem quality and growth conditions. Individuals were 
visually classified by the same person to avoid subjectivity. 
Stem quality indicate the degree of tortuosity and bifurcation, 
and growth conditions indicate the degree of suppression by 
surrounding trees (assessed by canopy exposure) and lianas 
(assessed by liana infestation). The classes for stem quality, 
crown exposure, and liana infestation used are detailed and 
referenced in Table 1.

At CSF, also in 2021, we performed a silvicultural analysis 
of the Goupia glabra and Vismia cayennesis because previous 
analyses showed that these species were the most abundant 
of the commercial species at USF. Therefore, we conducted 
this sampling to determine if the patterns found for these 
species at USF were replicated at another secondary forest in 
the region. We installed 42 10 x 10 m plots, totaling 0.42 
hectares of inventories (Supplementary Material, Figure S1), 
and measured the DBH of all individuals with DBH ≥ 10 
cm in the plots. Only Goupia glabra and Vismia cayennensis 
individuals were botanically identified and classified according 
to stem quality and growth conditions (Table 1).

Data analysis
To determine whether the secondary forests exhibit the species 
composition and structure needed for timber production, we 
conducted the following analysis: At USF, we first quantified 
the number of commercial tree species, and then calculated 
the mean and 95% confidence interval of the total basal area 
and density of the forest and commercial tree species. For 
each commercial tree species, we calculated the density (De), 
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dominance (Do) and frequency (Fr) in absolute (ab) and 
relative (re) values. Next, we calculated their importance [IV = 
(De relative + Do relative + Fr relative) / 3] and coverage values 
[CV = (De relative + Do relative) / 2]. We then evaluated the 
diameter distribution of the five dominant commercial tree 
species and other commercial tree species grouped (hereinafter 
denominated OCTS) through histograms. OCTS individuals 
were grouped for analyses because these species had low 
densities (less than 10 individuals ha-1) and were absent 
from some plots, resulting in insufficient samples for some 
analyses. These species also had similar characteristics, with 
most individuals exhibiting small diameters and low crown 
exposure. The five dominant species and OCTS are shown 
in the Results section (Table 2). At CSF, we calculated the 
mean and 95% confidence interval of the total basal area and 
density, and the De (ab and re), Do (ab and re), Fr (ab), CV, 
and diametric distribution of G. glabra and V. cayennensis.

We assessed the stem quality and growth conditions of the 
commercial tree species in the secondary forests as follows: 
At USF, we first quantified the density of individuals in each 
stem quality and growth conditions (crown exposure and 
liana infestation) class, in each plot, for the five dominant 
commercial tree species and the OCTS. We then reported 
the mean and standard deviation of the density of individuals 
in each class of stem quality and growth conditions. At CSF, 
we calculated the density of G. glabra and V. cayennensis 
individuals in each stem quality and growth conditions classes.

We analyzed if tree size and growth conditions are 
associated through GLMMs. The models were applied at 
the individual level, with DBH as the dependent variable 
and crown exposure or liana infestation as independent 
variables. Secondary forests (USF and CSF) and species were 
used as random factors, as well as gamma distribution and 
the logarithmic link function. All statistical analyses were 
performed with R statistical software, version 4.2.1. (R Core 
Team 2022) and the GLMMs applied using the glmmTMB 
package.

RESULTS
Floristic composition and horizontal structure of the 
commercial tree pool
At USF, the total basal area (for trees ≥ 10 cm DBH) was 
16.94 ± 0.71 m2 ha-1 and the density 582 ± 19 individuals 
ha-1. We found 254 species regenerating naturally, 46 of 
which are commercial tree species. The total basal area of the 
commercial tree species (for trees ≥ 10 cm DBH) was 8.63 
± 1.07 m2 ha-1 and the density 281 ± 34 individuals ha-1. 
Commercial tree species accounted for 41 and 49% of the 
importance and coverage values, respectively. Goupia glabra, 
Vismia cayennensis, Guatteria punctata, Croton matourensis and 
Laetia procera were the five dominant commercial tree species. 
These species occur in high densities (more than 18 individuals 
ha-1), but G. glabra and V. cayennensis stand out for their very 
high densities (110 and 61 individuals ha-1, respectively) 
(Table 2). The diameter distribution patterns varied among 
species, with a reverse J-shaped diameter distribution curve for 
G. glabra, G. punctata and the OCTS, while V. cayennensis, 
C. matourensis, and L. procera exhibited similar bell-shaped 
curves. Only OCTS had individuals with DBH greater than 
or equal to 50 cm, with fewer than one percent of individuals 
in these classes (Figure 1).

At CSF, the total basal area (for trees ≥ 10 cm DBH) was 
18.61 ± 1.88 m2 ha-1 and the density 590 ± 42 individuals 
ha-1. G. glabra and V. cayennensis accounted for 34% of the 
coverage value and had densities of 95 and 62 individuals ha-1, 
respectively (Table 2). G. glabra had a similar reverse J-shaped 
diameter distribution curve, and V. cayennensis a bell-shaped 
curve (Figure 1).

Stem quality, crown exposure and liana infestation 
of the commercial species
When the commercial tree species from both secondary forests 
were summed, we found that 45% exhibited good (class 3), 
42% reasonable (class 2) and 13% poor (class 1) stem quality. 
At USF, classes 3, 2, and 1 represent 45, 42, and 13% of 

Table 1.  Stem quality and growth conditions (crown exposure and liana infestation) classes evaluated for commercial tree species.
Characteristics Classes

Stem quality 1,2

Class 1 = poor - stem with high tortuosity, gross bifurcation (DBH close to the main stem), and/or many stems;
Class 2 = reasonable - stem with light tortuosity and may or may not show thinner bifurcation;
Class 3 = good - straight stem without bifurcation.

Crown exposure 3

Class 1 = without direct light;
Class 2 = only oblique illumination;
Class 3 = partially exposed vertically;
Class 4 = fully exposed vertically;
Class 5 = fully exposed vertically and laterally.

Liana infestation 1, 4

Class 1 = without lianas;
Class 2 = lianas climbing the stem;
Class 3 = lianas on the canopy from adjacent trees;
Class 4 = lianas climbing the stem as far as the crown, or lianas climbing the stem and on the crown from adjacent trees.

1 – Lamprecht (1990); 2 – Sant’Ana et al. (2013); 3 – Dawkins and Field (1978); 4 – Peña-Claros et al. (2008).
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Table 2. Horizontal structure of commercial species regenerating in FAEXP/UFAM (USF) and Carapanã-Açu Farm (CSF) secondary forests, with species ranked from 
highest to lowest importance value. Do – Dominance, De – Density, Fr – Frequency, IV – Importance Value, CV – Coverage value, ab – absolute, re – relative.

Species (USF) Do (ab) Do (re) De (ab) De (re) Fr (ab) Fr (re) IV CV

Goupia glabra Aubl. 2.743 16.049 110.0 18.826 100 1.139 12.00 17.44

Vismia cayennensis (Jacq.) Pers. 2.533 14.820 61.4 10.508 100 1.139 8.82 12.66

Guatteria punctata (Aubl.) R.A.Howard 0.786 4.598 27.3 4.672 100 1.139 3.47 4.63

Croton matourensis Aubl. 0.965 5.645 18.7 3.200 100 1.139 3.33 4.42

Laetia procera (Poepp.) Eichler 0.556 3.256 20.9 3.577 100 1.139 2.66 3.42

Apeiba echinata Gaertn. 0.169 0.989 4.8 0.821 100 1.139 0.98 0.91

Trattinnickia rhoifolia Willd. 0.111 0.648 6.1 1.044 100 1.139 0.94 0.85

Sacoglottis guianensis Benth. 0.095 0.553 5.3 0.907 100 1.139 0.87 0.73

Tapirira guianensis Aubl. 0.134 0.785 3.5 0.599 90 1.025 0.80 0.69

Jacaranda copaia (Aubl.) D.Don 0.077 0.453 3.3 0.565 100 1.139 0.72 0.51

Simarouba amara Aubl. 0.103 0.604 2.4 0.411 80 0.911 0.64 0.51

Enterolobium schomburgkii (Benth.) Benth. 0.049 0.284 1.4 0.240 80 0.911 0.48 0.26

Diplotropis triloba Gleason 0.024 0.138 1.5 0.257 70 0.797 0.40 0.20

Caryocar villosum (Aubl.) Pers. 0.034 0.201 1.7 0.291 50 0.569 0.35 0.25

Virola michelii Heckel 0.024 0.139 1.0 0.171 60 0.683 0.33 0.15

Tachigali paniculata Aubl. 0.028 0.165 1.1 0.188 50 0.569 0.31 0.18

Stryphnodendron pulcherrimum (Willd.) Hochr. 0.023 0.137 0.8 0.137 50 0.569 0.28 0.14

Ocotea aciphylla (Nees & Mart.) Mez 0.017 0.098 1.0 0.171 50 0.569 0.28 0.13

Caryocar glabrum (Aubl.) Pers. 0.012 0.067 0.6 0.103 50 0.569 0.25 0.09

Zygia racemosa (Ducke) Barneby & J.W.Grimes 0.008 0.049 0.6 0.103 50 0.569 0.24 0.08

Protium hebetatum Daly. 0.018 0.106 0.8 0.137 40 0.456 0.23 0.12

Hymenolobium excelsum Ducke 0.013 0.077 0.8 0.137 40 0.456 0.22 0.11

Astronium lecointei Ducke. 0.007 0.044 0.6 0.103 40 0.456 0.20 0.07

Dipteryx odorata (Aubl.) Willd. 0.012 0.071 0.9 0.154 30 0.342 0.19 0.11

Protium apiculatum Swart 0.014 0.081 0.8 0.137 30 0.342 0.19 0.11

Handroanthus serratifolius (Vahl) S.Grose. 0.018 0.107 0.3 0.051 30 0.342 0.17 0.08

Brosimum parinarioides Ducke 0.005 0.029 0.3 0.051 30 0.342 0.14 0.04

Swartzia corrugata Benth. 0.003 0.020 0.2 0.034 20 0.228 0.09 0.03

Licaria chrysophylla (Meisn.) Kosterm. 0.002 0.013 0.2 0.034 20 0.228 0.09 0.02

Pouteria anomala (Pires) T.D. Penn. 0.014 0.084 0.2 0.034 10 0.114 0.08 0.06

Eschweilera coriacea (DC.) S.A. Mori 0.004 0.026 0.4 0.068 10 0.114 0.07 0.05

Scleronema micranthum (Ducke) Ducke 0.005 0.032 0.2 0.034 10 0.114 0.06 0.03

Couratari stellata A.C.Sm. 0.003 0.016 0.2 0.034 10 0.114 0.05 0.02

Parkia multijuga Benth. 0.004 0.024 0.1 0.017 10 0.114 0.05 0.02

Protium altsonii Sandwith 0.003 0.017 0.1 0.017 10 0.114 0.05 0.02

Diplotropis martiusii Benth. 0.002 0.013 0.1 0.017 10 0.114 0.05 0.02

Peltogyne catingae Ducke 0.002 0.012 0.1 0.017 10 0.114 0.05 0.01

Mezilaurus itauba (Meisn.) Taub. ex Mez. 0.002 0.011 0.1 0.017 10 0.114 0.05 0.01

Peltogyne paniculata Benth. 0.002 0.011 0.1 0.017 10 0.114 0.05 0.01

Parahancornia fasciculata (Poir.) Benoist 0.002 0.011 0.1 0.017 10 0.114 0.05 0.01

Buchenavia grandis Ducke 0.002 0.010 0.1 0.017 10 0.114 0.05 0.01

Manilkara bidentata (A. DC.) A. Chev. 0.002 0.009 0.1 0.017 10 0.114 0.05 0.01

Eschweilera grandiflora (Aubl.) Sandwith 0.001 0.007 0.1 0.017 10 0.114 0.05 0.01

Aspidosperma spruceanum Benth. ex Müll.Arg. 0.001 0.005 0.1 0.017 10 0.114 0.05 0.01

Andira micrantha Ducke 0.001 0.005 0.1 0.017 10 0.114 0.05 0.01

Handroanthus impetiginosus (Mart. ex DC.) Mattos 0.001 0.005 0.1 0.017 10 0.114 0.05 0.01

Species (CSF) Do (ab) Do (re) De (ab) De (re) Fr (ab) Fr (re) IV CV

Goupia glabra Aubl. 4.054 21.778 95.2 16.129 62 - - 18.95

Vismia cayennensis (Jacq.) Pers. 3.565 19.154 61.9 10.483 44 - - 14.82

Do (ab) = absolute dominance (m2 ha-1); Do (re) = relative dominance (%); De (ab) = absolute density (individuals ha-1); De (re) = relative density (%); Fr (ab) = absolute 
frequency (%); Fr (re) relative frequency (%); IV =importance value (%); CV = coverage value (%).
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individuals of commercial species, respectively, while at CSF 
they represent 49, 21, and 30%. Overall, commercial tree 
species had low crown exposure and were infested by lianas, 
although the crown exposure pattern varied among species. 
Considering all the commercial tree species from both sites, 
63% had crowns with low light exposure (Dawkins index 
lower than 4), and 62% contained lianas on some part of the 
tree (were in classes 2, 3 or 4 of liana infestation).

At USF, G. glabra and V. cayennensis had the highest 
number of individuals with reasonable stem quality, while 
G. punctata, C. matourensis, L. procera, and OCTS had the 
highest number with good stem quality (Figure 2a). With 
respect to crown exposure, G. glabra and OCTS had more 
individuals in class 2 and 3, while V. cayennensis, G. punctata, 
C. matourensis, and L. procera had more individuals in class 
4 (fully exposed vertically) (Figure 2b). The percentage of G. 
glabra individuals with lianas on some parts of the tree was 
75%, for V. cayennensis 58%, G. punctata 63%, C. matourensis 
58%, L. procera 50% and OCTS 60% (Figure 2c).

At CSF, 50% of G. glabra individuals had good, 19% 
reasonable, and 31% poor stems. For V. cayennensis, 48% of 
individuals had good, 24% reasonable and 28% poor stems. 
Most G. glabra individuals had crowns fully exposed to light 
vertically, but a high percentage exhibited crowns partially 
exposed vertically. Most V. cayennensis individuals had crowns 
partially exposed vertically, but a high percentage displayed 
crowns fully exposed vertically and fully exposed vertically and 
laterally, while 65 and 71% of G. glabra and V. cayennensis 
individuals, respectively, had lianas on some parts of the tree 
(Figure 3).

Tree size and growth conditions associations
There was a significant association between crown exposure 
and liana infestation and DBH (Figure 4). Crown exposure 
and DBH were positively associated, that is, larger trees had 

Figure 1. Percentage of individuals in each diameter class for five dominant commercial species and other commercial 
tree species – OCTS (others) at USF (black), and G. glabra and V. cayennensis at CSF (gray).

Figure 2. Density of individuals in each stem quality (a), crown exposure (b), 
and liana infestation (c) class for five dominant commercial species and other 
commercial tree species – OCTS at USF. Bars represent the means, and error bars 
the standard deviation. For stem quality, crown exposure and liana infestation 
classes, see Table 1.
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progressively higher crown exposure. The mean DBH of the 
highest crown exposure (class 5) was 2.2-fold higher than that 
of the lowest (class 1). Mean DBH values changed between 
liana infestation levels but to a small degree. The highest mean 
DBH was observed in class 4, being 1.2-fold higher than the 
level with the lowest (class 2).

DISCUSSION
Late secondary forests are rich and dense in 
commercial timber species
Commercial tree species are important components of forest 
structure, as reflected by their high density of individuals, 
dominance, frequency, importance and coverage values. 
Commercial tree species density at USF exceeded 152 
individuals ha-1 (for DBH ≥ 10), which is the amount typically 
exploited for timber in old-growth forests of the Southwestern 

Amazon (Selaya et al. 2017). The density of commercial tree 
species at USF also exceeded the 105 commercial timber 
species ha-1 (for DBH ≥ 15 cm) found in an old-growth forest 
in the Central Amazon (Souza 2015). However, this cannot be 
expected for all secondary forests in the region. The recovery 
of species richness after disturbance is dependent on distance 
from propagule sources, land use history, the presence of 
remnant trees, and regeneration time (Mesquita et al. 2001; 
Doua-Bi et al. 2021; Jakovac et al. 2021). USF and CSF are 
close to the remaining old-growth forest (Supplementary 
Material, Figure S1), were subjected to previous low intensity 
land use with only one cut-burn cycle, and have been 
regenerating for a long time (Supplementary Material, Figure 
S2). These conditions contribute to commercial tree species 
recovery (Doua-Bi et al. 2021).

The dominant species in our studied sites (G. glabra) is 
one of the most commercialized native timber species in Brazil 

Figure 3. Total density of individuals in each stem quality, crown exposure, and liana infestation class for G. glabra and V. 
cayennensis at CSF. For stem quality, crown exposure and liana infestation classes, see Table 1.

Figure 4. Diameter at breast height (DBH) of commercial tree species on different conditions of crown exposure (a) and 
liana infestation (b). Bars represent the means of DBH, and error bars the standard deviation. GLMM p values are expressed as 
* < 0.05; ** < 0.01; *** < 0.001. Number of samples = 2609. For the crown exposure and liana infestation classes, see Table 1
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(IBAMA 2019; Andrade et al. 2022a), demonstrating the 
potential of secondary forests for timber production. The next 
dominant commercial tree species in the rank (V. cayennensis, 
G. punctata, C. matourensis, and L. procera) are less recognized 
by the timber market, but their inclusion meets the current 
need to expand the range of species in forest management 
(Sist et al. 2021; Andrade et al. 2022b). Scientific knowledge 
of wood technology to propose uses for these species is still 
required to achieve market acceptance. However, L. procera is 
relatively well studied and has recently been proposed to meet 
the demand for Amazonian timber (Andrade et al. 2022b). 

The wood density of commercial tree species in secondary 
forests varies, resulting in different possible applications. 
G. glabra, C. matourensis, and L. procera have moderately 
heavy timber, with wood densities of 0.73, 0.62, and 0.65 g 
cm-3, respectively. V. cayennensis and G. punctata have light 
timber, with respective wood densities of 0.49 and 0.46 
g cm-3 (Zanne et al. 2009). G. glabra is recommended for 
heavy external and internal construction, tool handles, truck 
bodies, and shipbuilding (Gurgel et al. 2015; ITTO 2022); 
C. matourensis for linings, toys, and boxes (Loureiro 1968); L. 
procera for external and internal construction, furniture, and 
floors (Finegan 1992; Andrade et al. 2022b); V. cayennensis 
for internal construction (information provided by the local 
community) and G. punctata for internal construction, 
household items, toys, and boxes (LPF 2022). 

Stem quality and growth conditions
The stems of commercial tree species were mostly good or 
reasonable, a critical factor for achieving good usable stem 
volume free of branches, heavy tortuosity, and bifurcation 
(Köhl and Marchetti 2016). This attribute is fundamental 
in achieving a profitable roundwood volume in subsequent 
logging operations. Most commercial tree species were under 
low light and liana-infested, indicating suppressed growth. 
Trees with limited crown exposure intercept less light, 
resulting in reduced photosynthetic rates and consequently 
slow growth (Peña-Claros et al. 2008; Kenzo et al. 2015; 
Mendoza-Hernández et al. 2019). Lianas compete with 
trees for light, water, and nutrients, resulting in reduced 
growth and, in some cases, death (Reis et al. 2020). From 
a timber production perspective, the lower growth caused 
by competition of canopy trees and lianas delays logging, 
requiring silvicultural treatments to improve growth 
conditions and management profitability (Penã-Claros et al. 
2008; Putz et al. 2023).

The crowns of V. cayennensis, G. punctata, C. matourensis, 
and L. procera were more exposed to light than those of G. 
glabra and OCTS individuals, which may be related to the 
ecological succession during regeneration. At the onset of 
regeneration, short-lived pioneers dominate the canopy, and 
are then gradually replaced by long-lived pioneers and partially 
shade-tolerant individuals (Chazdon 2014). V. cayennensis, 

C. matourensis, and L. procera had a diameter distribution 
typical of pioneer species that regenerate in the first stage of 
succession, grow rapidly, and soon leave the small diameter 
classes. In addition, the juvenile mortality of pioneers caused 
by shading also contributes to the low density of individuals 
in the small diameter classes and population decline (Turner 
2001). Field observations revealed the natural mortality of 
V. cayennensis and C. matourensis (Supplementary Material, 
Figure S3). Although L. procera exhibited typical pioneer 
diameter distribution, it also contained many individuals in 
the lowest diameter class. Efficient height growth rates may 
lead this species to compete effectively for light and persist 
longer in the secondary forest (Turner 2001). The same 
efficient height growth rates may explain the occurrence 
of most G. punctata individuals with well-lit crowns 
(Supplementary Material, Figure S4), even with the typical 
diameter distribution of late successional species (J-shaped). 

Low diameter trees were typically small and located below 
the canopy, reflecting suppressed growth that requires more 
silvicultural intervention (Poorter et al. 2005; Feldpausch et 
al. 2011; Finegan 2015; Mendoza-Hernández et al. 2019). 
The largest trees had slightly more lianas, because they are 
older and have larger crowns, meaning lianas have more time 
to accumulate and more crown area to occupy (Alvira et al. 
2004). Alternatively, the high crown exposure of the largest 
trees provides lianas with the light they need (Venegas-
González et al. 2020). Thus, even if the larger trees are well 
lit, liana infestation can reduce timber yield.

Implications and recommendations for secondary 
forest management 
The floristic composition and stem quality of the two evaluated 
Central Amazon secondary forests indicate good potential 
for timber production. The frequent occurrence of the 
commercial tree species found in other Amazonian secondary 
forests, especially G. glabra, is a valid reason for proposing 
secondary forests for timber management (Finegan 1996; 
Bentos et al. 2013; Bentos et al. 2014). The high density of 
some commercial tree species in secondary forests, greater 
than that found in old-growth Amazonian forests (Souza et 
al. 2015; Selaya et al. 2017), facilitates management in terms 
of product supply, making these forests a potentially valuable 
source of income for local communities. In secondary forests, 
the type and size of commercial tree species differ from those in 
old-growth forests. Secondary forests typically provide lighter 
and less valuable timber from pioneer species (Finegan 1992; 
Toledo-Aceves et al. 2022). In the present study, some of the 
commercial tree species have moderately heavy timber, and 
the dominant (G. glabra) has high value timber, representing 
a possible difference in terms of profitability for Central 
Amazon secondary forests. 

The growth conditions of commercial tree species should 
be improved with silvicultural treatments in order to increase 
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growth rates and anticipate logging cycles. Liberation thinning 
and liana cutting are recommended for desirable trees to 
reverse suppressed growth (Lamprecht 1990; Hu et al. 2020). 
Liberation thinning may be concentrated in small or medium 
diameter individuals and species that experience the worst 
growth conditions, such as G. glabra and OCTS in our study. 
On the other hand, liana cutting should be done whenever 
there is infestation, especially in larger trees. The use of timber 
from thinning can provide initial income for owners and 
partially support the application of silvicultural treatments. 
Thinning of declining high canopy layer species, such as V. 
caynennesis and C. matourensis, enhances light availability and 
provide a valuable timber. In addition, the light gaps created 
may favor their regeneration (Turner 2001), maintaining them 
in the forest for further logging cycles.

Further silvicultural diagnosis should be carried out 
at other sites to determine whether the high density of 
commercial tree species reported here is a general feature of 
central Amazonian secondary forests, and the factors that may 
be involved, such as land-use history (Doua-Bi et al. 2021; 
Jakovac et al. 2021). Secondary forest management should 
be facilitated by flexible legislation and incentive policies, and 
regulated to prevent ecosystem services from being threatened 
(Toledo-Aceves et al. 2021, 2022). Multiple secondary 
forest use should be considered as a complementary strategy 
to improve profitability. Payment for ecosystem services, 
management of non-timber products, and enrichment of 
gaps created by silvicultural treatments can provide quick 
economic returns, making secondary forest management more 
attractive to owners (Schwartz et al. 2015; Bieng et al. 2021; 
Toledo-Aceves et al. 2021).

CONCLUSIONS
The Central Amazon secondary forests studied here exhibit the 
species composition and density needed for sustainable forest 
management. Moreover, the stems of commercial species 
display suitable quality for roundwood production. However, 
a large proportion of these stems are found under limiting 
growth conditions, and silvicultural treatments are necessary 
to enhance growth rates and anticipate logging. Future studies 
should expand sampling efforts to other secondary forests, in 
addition to assessing the impact of silvicultural treatments on 
growth. These efforts are crucial in estimating logging cycles 
and establishing effective silvicultural systems.
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Figure S1. Location of the secondary forest of FAEXP/UFAM (USF), the secondary forest Carapanã-Açu Farm (CSF) and 
the sampled area (plots) in each secondary forest.

Figure S2. Temporal analysis of forest cover in the secondary forest of FAEXP/UFAM - USF and in the secondary forest of 
Carapanã-Açu Farm - CSF.
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Table S1. Uses of commercial species included in the study based on the use experience of local communities.

Species Uses

Vismia cayennensis Boards, Internal constructions

Croton matourensis Toys, Inner linings, Boxes

Sacoglottis guianensis External constructions (Bridges, Poles), Heavy carpentry

Figure S3. Dead individuals of Croton matourensis (A) and Vismia cayennensis (B) observed in the forests.

Figure S4. Individual of Guatteria punctata in the high canopy layer.
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